Excessive driving force applied to the trains leads to an inadequate utilization of the adhesion phenomenon occurred at the wheel-rail contact, and an unnecessary power consumption, while inadequate driving force causes the train to run inefficiently. For this reason, the necessity of re-adhesion control in the safe and reliable operation, in the balance of energy consumption, is indisputable. A comparison of the two re-adhesion control strategies, one of which is robust adaptive and the other of which is the modified super-twisting sliding mode, has been presented in this article. These control algorithms developed suppress the wheel slip on time and maintain optimal traction performance after readhesion under the nonlinear properties of the traction system and the uncertainties of the adhesion level at the wheelrail interface. Due to the complex nonlinear relationship between the adhesion force and the slip angular velocity, such a problem becomes a hard problem to overcome as long as the optimal slip ratio is not known. An optimal search strategy has also been developed to estimate and to track the desired slip angular velocity. By means of the proposed strategies, the traction motor control torque is automatically adjusted so as to ensure that the train operates away from the unstable slip zone but adjacent to the optimal adhesion region, and the desired traction capability is attainable once adhesion is regained. Mathematical analyzes are also provided to ensure the ultimate boundedness of the algorithms developed. The effectiveness of the proposed re-adhesion strategies is validated through the theoretical analysis and numerical simulations conducted in MATLAB and Simulink. As a result of consecutive simulations, modified supertwisting algorithm has shown better performance as compared to the robust adaptive one in tracking the optimal slip velocity as wheel-rail contact conditions switch suddenly.
Introduction
The necessity for modern control technology in railway industry is a prerequisite to increase the speed of trains significantly and to achieve high operation efficiency and safety. Many efficient control algorithms have been developed for the train operation control. This kind of control schemes focused on various aspects of railway vehicle dynamics such as resistance forces, nonlinearity, and traction and braking constraints. 1 The traction motors of the trains provide driving moment to the wheels, and the main source of the movement of the railway vehicle is originated from the wheel-rail friction, which is defined as the adhesion force. The operational control of the train must be based on the nonlinear model of the wheel-track interaction. The main factor that makes this control problem difficult is model nonlinearities and uncertainties. Where the adhesion force is less than traction force, it is necessary to design control algorithms that will provide the most effective utilization of adhesion force. Degraded adhesion between the wheel and rail results in a slip increase, which reduces tractive effort. Available adhesion, which is highly complex, rapidly changing over time, and has multiple parameter dependencies is a fundamental factor that must be investigated in railway analyzes. The coefficient of adhesion on different wheel-rail contact conditions depends on parameters such as contamination of the wheel-rail contact surface (oil, leaves, humidity, snow, etc.), vehicle speed, and slip velocity. The contamination effect is random, and it is almost impossible to precisely model its dynamic. The wheel rolling along the track bounces with the trigger of the track irregularities, which will cause a decrease in the normal force between the wheel and rail. Therefore, the adhesion force will diminish. 2 Slip velocity, which is the difference among the angular velocity of the wheel and train forward speed, also influences on adhesion coefficient. It is possible to maximize the adhesion coefficient by controlling the slip velocity. For each wheelrail contact condition, there exists a specific slip velocity at which the coefficient of adhesion reached to its maximum value. If the traction force between the wheel and rail is maximized using a traction controller, the instability due to the excessive wheel slip can be avoided and vehicle stability is improved. The main objective of this kind controller is maximizing the tractive torque by controlling the wheel slip velocity while stabilizing the system. The control system scheme includes an estimator that determines the wheel-rail contact condition and a traction controller that adjusts the wheel slip to the desired optimal value. Anti-slip control methods are categorized for electric motor units and locomotives. The main purpose of electric drive units is to reduce the tangential force loss due to the wheel slip and to prevent the wheel from being damaged, instead of maximizing the tangential force. However, locomotive methods aim to use the tangential force as much as possible instead of preventing wheel slip. Thus, the wheel slip sometimes controlled to a certain value which gives the tangential force close to the maximum value of the tangential force. 3, 4 Artificial intelligence methods help to implement complex control systems in railway systems. Therefore, these methods have been applied to improve the performance of slip velocity control. Due to the obvious advantages in the uncertain system control, fuzzy control methods were utilized in several researches to improve traction effort of the trains. 5, 6 Mei et al. 7 have worked on the subject of estimation wheel slip/slide via Kalman filtering and anti-slip control in railway traction, which investigates the changes in the wheelset dynamic modes originated by the different wheel-rail contact condition and identifies slip from the torsional resonant vibrations of the wheelset axle without requiring direct vehicle speed measurement or slip velocity due to the close relation between the wheel slip and the wheelset torsional vibrations. Liao et al. 8 have developed an active adhesion control strategy utilizing observer-based robust method, which is able to attenuate wheel skid and use available adhesion when the adhesion coefficient abruptly is getting lower, without necessitating the vehicle speed measurement for evaluating actual adhesion condition. To know the actual adhesion level at the wheel-rail contact patch, which is used by slip controller, the slip ratio that is the function of the vehicle speed and the wheel speed should be estimated indirectly or computed by measuring process. The obtained adhesion performance of the electric multiple units with speed-sensorless vector control should be at least as good as the adhesion performance evaluated using control method based on speed sensors. Watanabe and Yamashita 9 proposed a method of slip detection without using speed sensor by taking into account the torque current differences of each traction motor fed by one inverter. By utilizing this method, small wheel slips can be estimated and the performance of this re-adhesion control is as high as the control with speed sensors. Wallmark et al. 10 have been studied on the robust and suitable control principle for permanent magnet synchronous motors in railway traction applications by considering current limitation, complex voltage modulation schemes, active DC-link voltage stabilization, and magnetic saturation. They are concluded that the control principle is suitable also when the rotor position cannot be reached. Since the model of train operating contains nonlinear dynamics with time-varying parameter uncertainties, precisely tracking performance is very hard to realize for automatic train operation. Adaptive control methods that consider the parametric uncertainty and time-varying properties of the railway operation to maintain tracking performance as vehicle speed increases, have been implemented. 11, 12 Although asymptotic tracking is provided under the time-invariant assumption, train dynamics are time varying and do not guarantee stable results in practical applications. 13 Since a similar perturbation is applied into adaptation loop, the integral-type update law may lead to instability even if the variation speed is small. Alternatively, deterministic robust control can also be utilized to guarantee transient performance in the existence of both parametric uncertainties and time-varying properties.
14 Xu et al. 15 have analyzed the torque transmitting characteristic during regenerative braking and have proposed a methodology to detect the wheel-rail adhesion stability. Optimal braking performance without knowing the wheel-rail contact condition has been achieved using a robust sliding mode control. Zuo and Chen 16 have designed an iterative simulation method for the antiskid control system based on adhesion curve and field tests by combining the kinematical characteristics of railway trains and the pneumatic submodel. Shimizu et al. 17 and Ohishi et al. 18 have been modeled an anti-slip re-adhesion control system based on the high-order disturbance observer taking into account of the first resonant frequency of the bogie dynamics. Kadowaki et al. 19 have applied an anti-slip re-adhesion control based on speed-sensorless vector control and disturbance observer to the electric commuter train. The desired driving wheel torque has been achieved using this control system in the experiments conducted. Early detection of wheel slip convergence has also been improved for re-adhesion control method in Yamashita and Soeda. 20 In all of these studies, it is an important issue to estimate the adhesion level information that is available to the traction control system. Those controllers necessitate accurate measurement of slip to guarantee optimal performance. Since it is almost impossible to directly measure the adhesion level, an inverse modeling approach for the estimation of creep forces 21 and a model-based estimation 22 have been proposed. Yuki et al. 23 have executed some running tests in the realfield focusing on the anti-slip re-adhesion control using speed-sensorless vector control for traction drive. Zhang and Wang 24 have investigated the combined active front-wheel steering/direct yaw-moment control to enhance the lateral stability and handling performance of the vehicle in which the nonlinear tire model and the variation of longitudinal velocity are included. The simulation studies were shown that the stability and the energy-to-peak performance of the system have been improved via state-feedback control.
Adhesion control systems are used effectively and widely in practical applications in modern railway technology. 25, 26 These control systems are intended to ensure that the locomotive wheel-rail contact is best adhered using operating information such as locomotive speed, wheel angular speed, and adhesion coefficient. The coefficient of adhesion indicates the percentage of the total weight on the wheel available for traction or braking. The coefficient of adhesion restricts the maximum amount of traction produced by the traction motor of the locomotive. In conventional train models, traction forces and dynamic brake forces are basically based on the look-up tables and the simple adhesion limit. 27 For different wheelsets, the adhesion conditions, different rail sections (curved and tangential tracks), and different curvature conditions (curved track with and without lubrication) are always various. 28 Dynamical solution of these effects requires modeling of locomotives as three-dimensional multibodied system and designing of wheel-rail contact and adhesion control systems. Such models have attracted significant attention and have been reported recently. [29] [30] [31] However, none of these has addressed the issue of re-adhesion control in detail. Since the railway vehicle dynamic model has nonlinear nature, fuzzy logic control algorithms should also be considered in the design and analysis of the adhesion control subject. It has been proved that T-S fuzzy model-based control algorithms are effective and conceptually simple for applying nonlinear systems. These systems are characterized by IF-THEN rule sets. Through the fuzzy membership functions, the general fuzzy model is then given to describe global dynamic behavior. Stability analysis of fuzzy systems was described by the direct Lyapunov approach. Recently, some researches on reliable control of nonlinear systems have been conducted. Based on a fuzzy basis-dependent Lyapunov function, a reliable state-feedback control problem for T-S fuzzy systems with actuator failures and infinite-distributed delay was applied. 32 Wei et al., 33 applied and validated the effectiveness of the robust and reliable H ' static output feedback control for nonlinear systems, which is characterized by a dicrete-time Takagi-Sugeno fuzzy affine model with parameter uncertainties with actuator faults defined by a Markov chain model. The desired controller parameter can be evaluated in a convex optimization setup. Li et al. 34 have investigated the problem of adaptive fuzzy tracking control for nonlinear strict-feedback systems with input delay and output constraint. They proved the stability of the closed-loop systems and validated the effectiveness of the proposed control method. Chen et al. 35 have extended the bounded control result to the asymptotic control for stochastic strict-feedback systems by developing a novel fuzzy control approach to guarantee the asymptotic control. The realization is based on the combination of the gain suppressing inequality technique and adaptive fuzzy control. Liu et al. 36 have proposed an adaptive generalized fuzzy hyperbolic model based on prescribed performance control strategy for a class of multi-input-multi-output feedback systems with unknown backlash-like hysteresis and unknown control direction.
The robust adaptive re-adhesion control scheme, that must be designed, necessitates not only to suppress the extreme wheel slippage that disrupts the stability of the system but also to adjust the traction motor control torque to operate at the best adhesion point (keeping the wheel slip at the optimum level) under parameter uncertainty and disturbances. To achieve these tasks efficiently, the adhesion coefficient and the slip ratio must be estimated very precisely, through observers, especially adaptive sliding mode observers. Optimal slip velocities at different wheel-rail contact conditions should be found with a higher accuracy via the guidance of the optimal slip velocity seeking algorithm. Zhang and Wang 37 were designed an adaptive sliding mode observer, in which observer gains tuning method is developed based on the Lyapunov stability analysis of the estimation error and applied this method to an SCR system of a medium-duty Diesel engine with the SCR model uncertainties to improve the estimation performance. To cope with the model uncertainties and unknown disturbances for linear parameter varying systems subject to the exogenous disturbances, unknown inputs, and uncertainties on scheduling variables, a gain-scheduling sliding mode observer could be designed. 38 A super-twisting algorithm, which is able to stabilize a system with fast time-varying disturbance, has been put into use to many engineering problems. 39 Moreno and Osorio 40 have built a strict Lyapunov function to analyze the super-twisting algorithm, which is able to demonstrate a relative accurate prediction of the convergence rate and produce a procedure to adjust parameters. Chen et al. 41 have modified the exponent of the nonsmooth function of the super-twisting-like algorithm to stabilize a system to the approximity of the origin with a faster rate than conventional one. The ultimate boundedness with time-varying disturbance and the finite-time convergence without disturbance of this algorithm has been proved. Shik et al. 42 have developed an adaptive sliding mode wheel slip brake control system based on the test rig verified beam and bristle dynamical contact/friction model, which considers system uncertainties such as traveling resistance, disturbance torque, and variation of the adhesion force with respect to the slip ratio and track conditions. Gessl et al. 43 have developed an adhesion control method that copes with a large and sudden variation of the adhesion coefficients even in a wide speed range, but the disadvantage of this method is that it only limits the motor torque, and it does not guarantee maximum adhesion force when the train is trapped in local maximum point of the characteristic curve.
Sliding mode control is a nonlinear control method, which confines the state of the controlled system to a specific hyperplane or surface. The sliding mode control algorithm proposed in this article is dependent on the measurable states. However, when the state variables are partially measurable, designing the output feedback-based sliding mode controller would be more useful. Such kind of the output feedback controller has taken place in the literature. [44] [45] [46] The application of this algorithm must guarantee persistency of excitation, consequently the stability and robustness of the system. If the number of plant outputs and inputs are equal, it is not able to be constructed a robust sliding hyperplane for the unmatched uncertainty in a static output feedback sliding mode controller, unless the system is inherent robust stable against unmatched uncertainty. Therefore, for a system with matched and unmatched uncertainties, a robust sliding hyperplane design must be taken into consideration. 47 In this article, it is represented that a robust adaptive and a super-twisting-like sliding mode re-adhesion control scheme to regulate the control torque of the traction motor for not only attenuating excessive wheel slip, which drives the system to the unstable region, but also maximizing the adhesion occurred at the wheel-rail interface to run with the optimal slip angular velocity even if some system parameter uncertainties or disturbances exists. The adhesion coefficient and slip angular velocity are estimated using a full-state observer. Optimal slip velocities at different wheel-rail contact conditions have been achieved with a higher precision via guidance of the optimal slip velocity seeking algorithm. By building a Lyapunov candidate function, the ultimate boundedness of the presented strategy with time-varying disturbance and finite-time convergence of the proposed method was confirmed. The traction capability is also maintained after recovering adhesion.
This article is organized as follows: In section ''Dynamic model of the high-speed train,'' the dynamic model of the high-speed train was explained in detail. In section ''Re-adhesion control strategies,'' two readhesion control strategies, which are referred as robust adaptive and super-twisting sliding modes, respectively, are presented. Section ''Optimal slip angular velocity searching strategy'' represents the optimal slip angular velocity searching strategy with a full-state observer model. Finally, the simulation results and conclusion are given in sections ''Simulation results'' and ''Conclusion,'' respectively.
Dynamic model of the high-speed train
A dynamic model for the high-speed train needs to be established so that the re-adhesion control strategies can be defined. A model of the high-speed train in traction mode is illustrated in Figure 1 .
The mathematical expression of the model of the high-speed train can be derived based on theorem of rotational inertia and rigid body dynamics as
where v w and _ v w are the angular velocities of the wheel and its time derivative, respectively; J w is the inertia of the wheel; r G is the gear ratio; T m is the torque of the traction motor; r 0 is the effective radius of the wheel; F a is the adhesion force; and b is the Coulomb frictional damping of the traction motor
where
Adhesion force F a , which can be derived from wheelrail contact characteristic, is the main cause of the nonlinearities of the system. The movements of the trains are originated due to adhesion force, which is considered as the useful friction force between wheel and track. Figure 2 depicts the adhesion phenomenon, which indicates the highly nonlinear and time-varying characteristics with respect to the contact surfaces between the wheel and rail. The re-adhesion control algorithm aims to pull the traction/braking operation point to the adhesion region when the vehicle is dragged toward the slip region and then adjusts the traction/braking torque to bring the operation point to its maximum adhesion point F a = m a l ð Þm stc g ð5Þ Figure 1 . Representation of the high-speed train in traction mode.
A Burckhardt and Reimpell 49 model has been used to identify the relationship between adhesion coefficient and slip ratio
where a 1 , a 2 , and a 3 are constant parameters, which vary with various wheel-rail contact conditions. In Table 1 , the numerical values of these parameters are given for four different wheel-rail contact conditions. 50 The slip ratio of the high-speed train can be given by
The longitudinal slip velocity and slip angular velocity can be defined as
In Figure 3 , a well-known relationship among the adhesion coefficient and the slip velocity with respect to a different wheel-rail adhesion condition is depicted based on given Burckhardt model. If one can assume the whole body of the train as square and the wheel is a disk, the effective moments of inertia can be obtained as
If we take the derivative of equation (9), and substitute with equations (1) and (2), the rate of change of the slip angular velocity can be represented as
It can be deduced from equation (11) that the slip angular velocity depends on motor torque, adhesion torque, and resistance torque. Since a dramatic increase in slip angular velocity will worsen the wheel slip, a re-adhesion control should be designed to compensate for the excessive increase in slip angular velocity and to ensure that the train moves in the safe operation area. Based on the dynamics given above, the ultimate goal of the re-adhesion control strategy needed to be developed is to track the optimal slip angular velocity 
s denotes the optimal slip angular velocity. For this purpose, it is preferred to implement robust adaptive and sliding mode nonlinear control algorithms that will achieve the targeted criteria even if some system parameters are unknown.
Re-adhesion control strategies

Formulation of the problem
The idea behind this type of re-adhesion control strategies is to control the slip angular velocity properly by adjusting the traction motor torque. All system signals must be bounded, as the controller of the re-adhesion control strategy is the traction torque applied by the traction motor. First, the slip angular velocity tracking error must be defined as follows
After defining the slip angular velocity error, the motor torque T m can be shaped to drive e s to converge to zero or to the small adjacent of zero as time goes to infinity. From this postulate, the time derivative of the slip angular velocity error should be taken as
If equation (13) is substituted with equation (11) where
It is possible to track the slip angular velocity if C(:) is known exactly. However, due to the wheel-rail contact condition dependency of the adhesion coefficient in the highspeed train, the adhesion torque has an uncertain and nonlinear nature. At the same time, the resistance forces acting on the train are varying over time, and it is difficult to know their true value with the means of measurement. It is practically impossible to reach the exact information of these values. 52 
Robust adaptive control
To solve this problem, a robust adaptive control that deals indirectly with the effects of C(:) has been proposed. C(:) is restricted by a bound, which is possible to extract the main information for control design. From equations (4) and (5), it can be derived that 53 F a r 0 j j= m a l ð Þm stc gr 0 j j ł m a max j jm stc gr 0 ð15Þ
Based on equations (15) and (16), a scalar function can be stated as
where p and q are constant. C(:) contains nonlinear uncertainties and timevarying terms. Therefore, function C(:) must be bounded by multiplying equation (17) 
k can be selected as
This assumption is independent from the nonlinear uncertainties or time-varying system parameters. For this reason, the development of a robust adaptive control scheme, which does not require the reconstruction even if the system parameters or the railway conditions for the rapid train vary, should be necessary. If a highspeed train model, which is governed by equation (14), is considered, a controller can be designed by 55 T m = À j 0 e s Àkf :
ð Þsign e s ð Þ ð20Þ
where j 0 . 0 is a free parameter and b k is the estimation of k. Then, the following rule can be adopted aŝ
where s 0 . 0 is defined as adaptation rate. The path tracking can be accomplished while preserving asymptotically stable condition in that e ! 0 and t ! '.
Based on equations (14) and (18) It can be deduced that r G and J w are unknown but positive bounded constant, and 0 0 r ł r G =J w condition is always satisfied with a positive constant r.
Lyapunov function candidate can be stated as
where V(:) is positive definite. Based on inequality (18) and equation (20) , the time derivative of the Lyapunov function candidate becomes
If equation (22) is substituted with equation (24) 
Since j 0 . 0 and 0 0 r ł r G =J w are defined in controller design, _ V(:) ł 0 is satisfied. Therefore, it can be concluded that the re-adhesion control strategy is stable. Taking into consideration V(:)2' ' ,k2' ' , e s 2' ' , and _ e s 2' ' , it is concluded that e s is uniformly continuous. There is also a relationship derived from signal boundedness in that Ð t 0 e 2 s dt ł '. It can be stated that e s 2(' 2 \ ' ' ). Using Barbalat Lemma, it can be proven that e ! 0 and t ! '. Therefore, v s ! v Ã s as t ! ' by the definition of tracking error e s . 56 
Modified super-twisting sliding mode control
If the following dynamical system is considered as
where u is the controller and d(t) shows the external disturbance which is almost everywhere differentiable and satisfies
Davila et al. 58 designed a sliding mode controller for equation (26) as
Equation (28) is named as super-twisting algorithm, and this algorithm has been studied in many research articles. [59] [60] [61] [62] [63] [64] A super-twisting-like algorithm has also been proposed as
where g 1 , g 2 . 0, 1 À 2a s + b s = 0, and 1 . a s ø 0:5.
It can be seen from equations (28) and (29) that the super-twisting-like algorithm is general version of the super-twisting algorithm. If a s is selected as 1 . a s . 0:5, the proposed super-twisting-like algorithm converges faster than the classical one.
Optimal slip angular velocity searching strategy
To realize the designed control schemes, the desired/ optimal slip angular velocity v Ã s must be accessed. In practical applications, it is very hard to know the optimal value of the slip angular velocity because the exact information about the adhesion status of the wheel-rail contact could not be obtained. It should be investigated using an optimal seeking strategy to solve this kind of problem. 65 Based on the explained Burckhardt adhesion model, it is possible to extract the optimal slip ratio l Ã , which corresponds to the maximum adhesion force. The slip ratio must be set to its optimal value to utilize maximum adhesion. There exist many alternative cases for this situation such as the optimal slip ratio l Ã is known; the model m a (l) and its parameters are known; and the model m a (l) is known, but its parameters are uncertain. Nevertheless, the most challenging and realistic design for the optimal slip angular velocity searching algorithm is that there is no precise knowledge of the rail conditions or adhesion identification. In this situation, both the model m a (l) and the optimal slip ratio l Ã are unknown. For developing such seeking process, an approach to evaluate step size must be determined. Since the seeking algorithm involves adhesion torque F a r 0 , which cannot be measured directly, an observer must be built to acquire the adhesion torque indirectly. Safe operation of the high-speed train is guaranteed by satisfying Dm a =Dv s 1 0 constraint. The optimal searching algorithm is used to find the optimal slip angular velocity v Ã s in the neighborhood of the maximum adhesion point.
Using the high-speed train model, it can be inferred that
The constraint of safe operational zone can be transformed as DF a =Dv s 1 0, Dv s j jł E. If v s and F a are estimated or measured, the optimal angular slip velocity searching algorithm is not dependent on the wheel-rail contact condition. The proposed estimator of optimal v Ã s can be represented as
where j . 0 is adjustable parameter and ft k g are the switching points in which the values ofv s be switched to the current value of v s
where E is a small threshold value to prevent numerical pitfall. Basic knowledge to be known to derive such an estimator is that ∂F a =∂v s . 0 when v s \ v 
Full-state observer
Since it is very hard to obtain the adhesion force knowledge required to evaluate the searching step to achieve an optimal slip angular velocity tracking, a full-state observer should be built based on the system observability criterion. Using this method, it is possible to estimate the adhesion force indirectly. The structure matrix can be represented as
The characteristic equation of the full-state observer is stated as
The gain of the observer g 1 g 2 ! should be selected to provide the poles of equation (36) settle in the left plane, such that the observer satisfies stability and fast self-debilitation.F a can be utilized in optimal slip angular velocity seeking algorithm even if there exists an observation error due to the safe operational region have not an exact boundary. 66 
Simulation results
Re-adhesion controllers and optimal slip angular velocity estimator were implemented in MATLAB and Simulink, and the simulations were conducted using Runge-Kutta fourth-order method with a 0.0001 fixed step time. It was accepted that a wheel slip has been occurred after wheel-rail contact condition varying suddenly in traction mode. The estimated value of slip velocity switches every 10 s. The parameters, which were utilized in simulation, are shown in Table 2 . The initial train forward speed and angular velocity of the wheel are given as The trajectories of the train forward speed and wheel speed are represented in Figure 4 for the robust adaptive control case and in Figure 5 for the super-twisting sliding mode control case.
It can be inferred that the wheel speed changes abruptly when t = 10 and t = 20 s, which refers to the switching of the estimated value of slip velocity. The adhesion coefficient diminishes suddenly, and wheel slip occurs because the rail conditions change from dry to wet, dry to low, and wet to low at t = 10 s and from wet to low, wet to very low, and low to very low at t = 20 s, respectively. The wheel velocity became much faster than the vehicle velocity, and the slip velocity moves from the safety limit to dangerous area slowly. Afterward, the wheel slippage was identified, and the re-adhesion control strategy regulates the control moment of the traction motor to attenuate the wheel slip and drags the railway vehicle at optimal slip ratio. The curves related to the adhesion coefficient are presented in Figure 6 for the robust adaptive control case Figure 4 . Curves of wheel and train speed under different adhesion conditions (blue: dry to wet to low, green: dry to wet to very low, cyan: dry to low to very low, and red: wet to low to very low) for the robust adaptive control case. and in Figure 7 for the super-twisting sliding mode control case. Figures 8 and 9 depict that the traction motor torque decreased by this way the unwanted part of the slip phenomenon has been eliminated for the robust adaptive and super-twisting sliding mode control cases, respectively.
The trajectories of the actual l = (v w r 0 À V)=V and estimatedl = (v w r 0 À V)=V slip ratio, which are given in Figures 10(a)-(d) and 11(a)-(d) , converge to some value near the optimal l Ã slip ratios for the robust adaptive and super-twisting sliding mode control cases, respectively.
The whole adhesion performance is illustrated in Figures 12 and 13 for the robust adaptive and super-twisting sliding mode control cases, respectively. The actual slip angular velocity can precisely track the optimal angular slip velocity through the adhesion characteristic map. The whole detail of adhesion, which varies in the re-adhesion control can be captured.
The adhesion coefficient approximates to the maximum adhesion for the ''dry/wet'' condition in the initial acceleration state, and after that, it abruptly diminishes to the safe region in the ''wet to low to very low and low to very low'' condition and converges to the maximum adhesion of this characteristic function. Using re-adhesion control, the coefficient of adhesion stays safe in operational area and shows high traction performance-supported accessible adhesion.
Conclusion
As the speed and operating range of high-speed trains increase, it is difficult to prevent wheel slippage that Figure 5 . Curves of wheel and train speed under different adhesion conditions (blue: dry to wet to low, green: dry to wet to very low, cyan: dry to low to very low, and red: wet to low to very low) for the super-twisting sliding mode control case. Figure 7 . Trajectories of the adhesion coefficients (blue: dry to wet to low, green: dry to wet to very low, cyan: dry to low to very low, and red: wet to low to very low) for the supertwisting sliding mode control case. Figure 6 . Trajectories of the adhesion coefficients (blue: dry to wet to low, green: dry to wet to very low, cyan: dry to low to very low, and red: wet to low to very low) for the robust adaptive control case. Figure 8 . Control torque of the traction motors (blue: dry to wet to low, green: dry to wet to very low, cyan: dry to low to very low, and red: wet to low to very low) for the robust adaptive control case. Figure 9 . Control torques of the traction motors (blue: dry to wet to low, green: dry to wet to very low, cyan: dry to low to very low, and red: wet to low to very low) for the supertwisting sliding mode control case. Figure 10 . Trajectories of the actual and estimated and optimal slip ratios for the robust adaptive control case: (a) dry to wet to low, (b) dry to wet to very low, (c) dry to low to very low, and (d) wet to low to very low. Figure 11 . Trajectories of the actual and estimated and optimal slip ratios for the super-twisting sliding mode control case: (a) dry to wet to low, (b) dry to wet to very low, (c) dry to low to very low, and (d) wet to low to very low. occurs under complex and low adhesion conditions. Available adhesion requires to be used effectively while maintaining stability. If the re-adhesion controller would not have been used, when the slip value changes in a way that adhesion between wheel and rail decreased, it may lead to decrease in tractive effort and increase in wear.
In this article, a robust adaptive and modified supertwisting sliding mode control schemes based on Lyapunov theorem, that is able to attenuate wheel slip and to utilize the maximum available adhesion once the actual one abruptly decreases, was developed for high-speed train in the existence of nonlinearity and uncertainty. Some of the results of these controllers on the dynamic model of a high-speed train were obtained. Furthermore, the results obtained from the modified super-twisting sliding mode control algorithm case and obtained from the robust adaptive control algorithm case are compared to each other from the view of slip angular velocity tracking performance.
It can be deduced that the super-twisting sliding mode re-adhesion control advances the performance of the controller and brings on to more proper results than the robust adaptive one. Comparing the curves of tractive effort at different wheel-rail contact condition cases reveals that its variation in the sliding mode controller case is much lower than the robust adaptive case and thus convenience and safety. The super-twisting sliding mode controller gives rise to better results in slip control while the adhesion coefficient changing due to various wheel-rail contact condition and controller response is fast enough. Both these controllers enable an optimal use of the adhesion regardless of the uncertainties or variations of the contact characteristics. A control system very much alike to the presented control system can be improved that the slip is controlled so that the train is stopped in the shortest possible distance at braking. The achievements of the presented control methods are that the exact information of system parameters does not need to be known, they keep up high traction/braking performance after re-gaining adhesion, and they guarantee the safe operation of high-speed train. An optimal seeking method is also represented to supply the optimal slip angular velocity even if the wheel-rail contact condition changes. Both theoretical analysis and numerical simulation show the performance and robustness, effectiveness, and benefits of the presented approaches.
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